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Abstract. The expression of gastredianin antifungal protein (GAFP) in a form of its VNF
isoform increases tolerance to Phytophthora root rot (Phytophthora cinnamomi) and the
root-knot nematode (Meloidogyne incognita) in transgenic plum lines. However, nothing
ts known ahout the potential of the GAFP lectin to confer discase resistance to the ring
nematode, Mesocriconema xenoplax, in plum. Three transgenic plum lines (41, 4J, and
5D) expressing gafp-! under the control of CaMV 35S promoter sequence were evaluated
for their response to M. xenoplax in the greenhouse. All plum lines were rated as hosts of
M. xeneplax. Among the individual plum lines tested, the number of M. xenoplax per
gram of dry roots was lowest in the rhizosphere of transgenic line 5D, intermediate in that
of the nontransformed control line, and greatest in line 4. The results of this study
indicate that the comparisons of the final seil densities (Pf) of adult and juvenile M.
Xenoplax expressed as nematodes per gram of dry roots provide a better measure of the
nematode carrying capacity by the tested lines than Pf values referred to as number of

M. xenoplax/100 cm® soil. -

In the southeastern United States, the
productive lifespan of peach [Prunus persica
(L.) Batsch] trces does not exceed 6 tolQ
years on some sites as a result of premature
tree mortality (Brittain and Miiler, 1978).
Two causes of early tree death are a disease
complex known as’ peach tree short life
(PTSL) and ‘Armillaria ‘root rot (Miller,
1994; Savape and Cowart, 1942). Peach tree
short life is reportedly caused by a predispo-
sition of trees to cold injury, bacterial canker
(Pseudomonas syringae .pv. syringae van
Hall), or a combindtion of both, which results
from iféeding by the ring nematode, ‘Meso-
criconema xenoplax (Raski, 1952) ‘Loof &
de Grisse, 198% {=Criconemoides xenoplax
{Raski, "1952) Loof and "de Grisse, 1967]
(Brittain and Miller, 1978; Nyczepir ct al,,
1983). Mesncriconema xenoplax is an ecto-
parasitic nematode that has the ability to
influence peach growth as a result of its feed-
ing habit (Lownsbery ct al., 1973; Nyczepir
et-al;, "1987). In field microplots, peach
trees died of cold injury after 4 years of
pardsitism by M. xenoplax, whereas trees in
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uminfested soil survived (Nyczepir ot al,,
1983). Furthermore, development of PTSIL.
on land not planted with peaches for 75 years
or more vanes with cxposure of trees to the
cumulative population levels of M. xenoplax
(Nyczepir et al.,, 2004). Such evidence sug-
gests that this disease complex is a nematode-
associated disease and the presence of this
ring nematode species is required for PTSL
to occur.

The current preplant nematicides recom-
mended for managing M. xenoplax in peach
in the southeastern United States include the
soil fumigants, 1,3-D (1,3-dichloropropene)
and Vapam (metam sodium) (Horton ct al.,
2009). These are the only two soil fumigants
available to peach growers since the recent
ban {according to the 1992 Montreal Pro-
tocol) on methy] bromide’s importation and
manufacture in the Unijted States and West-
ern Europe in Jan. 2005 (Clean Air Act,
1990). As a result of the reduced availability
of pre- and postplant nematicides in the
agricultural market, alternatives to chemicat
control methods such as rootstock resistance
are warranted and are being investigated
{Batchelor, 2002).

In the southeastern United States, the
peach rootstock Guardian® is recommended
over Lovell and other rootstocks previously
used by this industry because trees on this
rootstock have a higher survival rate on PTSL
sites, although M. xenoplax reproduces on it

{Nyczepir et al, 1996; Okie et al., 19%4a,
1994b). Since 2007, 75% of peach trees
delivercd to commercial growers in the
southeastern United States have been propa-
gated on Guardian® (M. Watkins, personal
communication), Guardian® also has demon-
strated resistance to some Meloidogyne spp.,
but not Pratyfenchus vidnus Allen & Jensen,
1951 (Nyczepir et al., 1999; Nyeczepir and
Pinochet, 2001) or Armiliaria root rot [Armil-
laria tabescens (Scop.} Dennis, Orton &
Hora) (Beckman et al., 1998).

Armillaria root rot is another leading
cause of premature tree death in the south-
eastern United States (Miiler, 1994). The
survival of A. fabescens on root debris in
the soil frequently prevents the establishment
of new orchards in previcusly infested sites
and managing Armillaria is extremely diffi-
cult once it is established. Rootstock toler-
ance to Armiliaria has been identified in
some plum species, which may provide an
alternative management tool against this root
rot disease (Beckman et al., 1998).

Recently, genetic engineering has been
used as a potential means to improve toler-
ance of plum rootstocks against various root-
associated plant pathogens (Nagel et al,
2008). Devcloping a Prunus rootstock that
is resistant or tolerant to plant-parasitic nom-
atodes is highly desirable. The Gastrodia
antifungal protein (GAFP, or Gastrodianin),
discovered in the Asiatic orchid (Gasirodia
elata), is a monocot mannose-binding lectin
with broad spectrumn activity against fungal
pltant pathogens (Wang et al., 2001; Xu
et al., 1998). In vitro tests have shown that
GAFP inhibits growth of Armillaria mellea
(Vahl:Fr.) P. Kumm., suggesting that the
protein enhances pathogen defense and pro-
tects . elata from A. mellea mfection in
nature (Hu and Huang, 1994). It was recently
demonstrated that expression of the VNF
isoformn of this lectin (gafp-1-vnf, hereafter
referred to as gafp-1) in transgenic tobacco
(Nicotiana tabacum cv. Wisconsin 38) and
plum (Prunus domestica lines 4] and 4I)
suppressed root galling and reproduction,
respectively, of the root-knot nematode,
Melanidogyne incognita (Kofoid & White,
1919) Chitwood, 1949 (Cox ct al., 2006;
Nagel et al., 2008). Additionally, these trans-
genic tobacco and plum lines had increased
tolerance to Phyrophthora nicotianae Breda
de Haan and P. cinnamomi Rands, respec-
tively. The effect of GAFP-1 in suppressing
A. tabescens growth or M. xenoplax repro-
duction is currently unknown. The purpose of
this research was to evaluate the susceptibil-
ity of the three gafp-1 expressing plum lines
(i.e., 41, 41, and 5D) to M. xenoplax.

Materials and Methods

Transformation of plum. Transgenic plum
lines were generated using Agrobacterium-
mediated transformation of plum hypocotyls
from seed of open-pollinated ‘Stanicy’ and
the translation of GAFP-1 was confirmed in
transgenic lines using immunoblot analysis
of root and leaf tissue as described by Nagel
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et al. (2008). Agrobacterium tumefaciens-
mediated transformation resulted in three
gafp-1 expressing plum lincs, which were
designated 41, 4], and SD. Three transgenic
and nontransformed plum lines were evalu-
ated in two greenhouse tests. Plum lincs
were clonally propagated from the original,
transformed, or nontransformed germplasm
through softwood cuttings (Nagel ct al,
2008).

Hast response. The response of transgenic
plum lines to the ring nematode, Mesocrico-
nema xenoplax, was evalualed in an air-
conditioned greenhouse (25 + S °C) at the
USDA-ARS, Southeastern Fruit & Tree Nut
Research Laboratory in Byron, GA. Detailed
information on the evaluation technique is ac-
cording to the method described in Nyczepir
et al. (1996). This greenhouse technique
proved reliable in the early stages of Guardian®
rootstock evaluation.

One hundred eighteen-d-old transgenic
plum lines (41, 41, and 5D) and a nontrans-
formed plum line (which served as a positive
control)} along with 110-d-old Nemaguard
peach seedlings (ring nematode-susceptible)
were transplanted singly into 15-cm-diameter
plastic pots containing 1300 cm® steam pas-
teurized loamy sand (86% sand, 10% silt,
4% clay, 0.54% organic matter; pH 6.1). The
susceptible peach, Nemaguard, was used to
verify ring nematode infectivity. Plants were
allowed to acclimate for 2 d before infesting
the soil in each pot with 10 M. xenoplax/
100 cm® soil. This initial nematode density
(Pi) was obtained by scoring in a cross-hatch
pattern (=1 cm deep) the soil surface in each
pot and then pouring a water suspension of
150 M. xenoplax adulis or juveniles in 40 mL
water onto the scored area. The nematodes
were then washed down into the soil with
#2300 mL water. The ring nematode isolatc
used was obtained from a peach orchard
previously diagnosed as a PTSL site in
Byron, GA, and cultured on Nemaguard
peach in a shade house. Plants were watered
and fertilized as needed and pruned back to
a height of 18 cm above the soil line 90 d after
inoculation to stimulate production of new
roots and shoots. All test treatments were
harvested 180 d after inoculation (ie., 22
Sept, 2005 to 21 Mar. 2006) and the follow-
ing data were collected: dry root weight (root
systems were gently separated from the soil,
washed in water, then wrapped in aluminum
foil and baked at 70 °C until no more measur-
able weight loss) and final nematode soil
population density (Pf). Nematodes were
extracted from a 100-cm® soil subsample
with a semiautomatic elutriator (Byrd cf al.,
1976) and centrifugal-flotation (Jenkins,
1964) and counted using a stereomicroscope.
Host response (resistance/susceptibility) to
M. xenoplax was assessed at the end of the
cxperiment by determining 1) the final soil
nematode density (Pf) of adult and juvenile
nematodes (excluding eggs) per gram of dry
root mass; and 2) the ring nematede repro-
duction factor (Rf) of all motile life stages,
which was calculated by dividing the Pf
by the imitial soil population density (Pi)
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(i.e., Rf = PfiPi)] relative to the subsample.
Test hosts were grouped inte three classifi-
cations based on the nematode RT rating as
follows: nonhost ¢highly resistant), Rf = 0;
poor host (resistant), Rf = 0.0t to 6.99; and
good host (susceptible), Rf | or greater. The
test was repeated once. In the second test,
younger (63-d-old) transgenic and a nontrans-
formed plum lines along with 11-d-old Nem-
aguard peach seedlings were inoculated
6 d after transplanting and exposed to the
nematode infection for 181 d after inocula-
tion (i.e., 22 May 2008 to 19 Nov. 2008}
Inoculation procedures, Pi, seedling handling
in the greenhouse, and parameters recorded
were the same as those of the previous test.

Nematode data were log,g (x + 1) trans-
formed and subjected to analysis of variance
with the general linear models procedure of
SAS (SAS Institute, Cary, NC). Appropriate
preplanned  single-degree-of-freedom com-
parisons were then used to detect differences
between treatment means for Nemaguard
peach versus combincd plum line means
following a significant F test. Means within
the plum lines were analyzed using Tukey’s
honestly significant difference test. Actual
numcrical data were used for table presenta-
tion. Only sipnificant differences (P = 0.05)
are discussed unless stated otherwise,

= -~ Results and Discussion

Al plum lines combincd supported
greater (P = 0.05) numbers of M. xenoplax
than Nemaguard peach (known susceptible)
in Test 1. A similar trend occurred in Test 2
although differences were not significant
(Table 1). However, when the final nematode
population density was cxpressed on a per
gram of dry root basis, no differences were
detecied between the combined plum lines
and Nemaguard in both tests, indicating that
all plum lines combined supported similar
nematode populations as Nemaguard. Root-
stock carrying capacity of nematode infesta-
tion levels as measured by number of M.
xenoplax motile life stages per gram of dry
root is & better measure of host resistance/
tolerance than nematodes per 100 cm? soil,
because it standardizes the nematode popu-
lations among the different plant species
tested based on total root mass . Using this
crilcrion has proven a useful tool in the
preliminary identification of tolerance in
Guardian® to M. xenoplax (Nyczepir et al.,
1996). It was determined that specific Guard-
ian® lincs suppressed M. xenoplax popula-
tions relative to Nemaguard rootstock, but
not Lovell. Among the plum lines tested, the
number of M. xenoplax per gram of dry root
was lowest (P = 0.05) with transgenic line
5D, intermcdiate with the nontransformed
control line, and greatest with line 41 in both
tests. In Test 2, transgenic line 4I also
supported a greater (P < 0.05) number of
M. xenoplax per gram of dry root than line
5D, and in Test 1, a similar trend was
detected although differcnces were not sig-
nificant. The lower final nematode densities
observed on the transgenic plum line 3D

reflect a more vigorous and developed root
system of this linc compared with the other
lines tested in this study and alse that of
Nemaguard peach rooistock. This observa-
tion is substantinted in that total dry root
weight for transgenic line 312 (Tests 1and 2 =
12,11 and 22.5} p, respectively) was greater
than transgenic lines 41 (Tests 1 and 2 =7.30
and 7.54 g, respectively) and 4) (Tests 1 and
2 = 9.69 and 8.65 g, respectively) and also
the nontransformed control line (Tests 1 and
2=28.04 and 7.48 g, respectively) and Nema-
guard peach (Tests 1 and2=2.11 and 5.66 g,
respectively) (data not presented in Table 1).
Plants with large root systems usually support
larger nematode populations than plants with
reduced root mass.

It is not certain why transgenic line 5D,
with a larger root system than the other trans-
genic lines, supported fewer M. xenoplax
per gram of dry root, but this specific trans-
genic line is known to have different genetic
and disease performance characteristics than
transgenic lines 41 and 4] (Nagel et al., 2008).
For example, line 5D has multiple copies of
the gafp- 1 insertion {versus 4) = one copy and
41 = two c‘opies). Despite these potential
genetic advantages, line 5D is more suscep-
tible to Phytophthora cinnamomi infection
than transgenic lines 41 and 4J. Furthermore,
transgenic lines 4J, 41, and 5D were all shown
to support lower populations of the Southern
root-knot nematode (M. incognita) compared
with the inoculated contrel line, but greatest
effects on suppression of root-knot nematode
galling and reproduction were observed in
transgenic lines 41 and 41, Two possible
explanations for the different response of
iransgenic line 5D when exposed to the
infestation of a specics (M. xenoplax) be-
longing to another nematode genus having
differcnt parasitic habits may be attributed
to 1) specific Teeding sites on the root and
nourishment needed to promote reproduction
atrthese sites; and 2) multiple gafp-7 gene
copies in this linc 5D. Nematode feeding sites
on roots differ between a sedentary endopar-
asite such as the root-knot nematode and
a migratory ectoparasite such as the ring
nematade. Meloidogvne spp. penetrate at
the root tip, become sedentary within the
root, and form feeding sites called giant cells
within the vascular cylinder region. Thesc
endoparasites remain sedentary and feed on
established giant ¢ells for the remainder of
their tife cycle (de Guiran and Ritter, 1979).
In contrast, ring nematodes feed from in-
dividual cortical cells furnther back on the root
for up to & d and then move to a new feeding
site along the root (Hussey et al., 1992),
which is modified into discrete food cells.
In this study, transgenic line 5D appears to
provide less nourishment to M. xenoplax than
lines 4J and 41, which is contrary to its effect
on M. incognita {Nagel et al., 2008). It is
not certain if the GAFP lectin in transgenic
plum line 5D suppressed M. xenoplax pop-
ulations through feeding or direct contact, but
like M. incognita, M. xenoplax requires
specialized feeding cells for sustenance and
reproduction.
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Table 1. Population density of Mesocriconema xenoplax on plum (Prunus domestica cv, Stanley) lines and peach cultivars in the greenhouse after 180 d.

No. of M. xenoplax per

160 cm? soil Gram of dry root . Rf”
Plant specics Cultivar/line Test 1¥ Test 2¥ Test 1¥ Test 2¥ Test 1¥ Test 2¥
Peach Nemaguard 4,361* 20,130 2,802 4,320 436.17 2,013.0
Plum 4] 20,884 av 30,838 a* 37120 5,366 a% 2,088.4 a¥ 3,083.8 2%
5D 0,274 ab 29.36% a 209 b 1,491b 927.4 ab 2,9369a
4] 8,777 ab 3324%a 1,553 ab 5,597 a 877.7 ab 33249a
Control 2354 b 2,287a 1.170 ab 3,570 ab 8354b 22871 a
Combined plum 11,822 29,082 1,836 4,006 1.182.2 2,908.2

*Rf = reproductive factor (Pf/Pi), where Pf = final population density of M. xenoplax juveniles and adults/100 cm? seil and Pi = initial population density of 10 M.
xenoplax juveniles or adults/100 cm? soil. Rf rating, as follows: nonhost (highly resistant), Rf = 0; poor host (resistant), Rf = 0.01-0.99; and good host

(susceptible), Rf 1 or greater.
¥Data are means of 10 replicates.

*The single-degree-of-frecdom comparison between the means for peach versus combined plum lines was significant (P = 0.03).
“Means within plum lines and column followed by the same letter are net different (# =< 0.05) according 1o Tukey's henesily significant difference test.

Lectins are carbohydrate-binding proteins
that have been found in many plants and their
properties have been linked to a variety of
plant functions, including defense against
various plant pathogens (Hu et al., 1988; Koo
et al.,, 2002; Lec et al.,, 2003, Van Damme
et al., 1998; Wang et al., 2001, 2004). It was
reported that expression of a monocot man-
nose-binding lectin (GNA) conferred partial
resistance to M. incogritd in Arabidopsis
(Ripoll et al., 2003). The mechanism of plant
resistance 1s not known, but it is belicved that
GNA may bind glycoproteins on chemore-
ceptors associated with amphids and (or) the
nematode surface. Such disruption would
ultimately interfere with. nematode sensory
discernment and the ability of the nematode
to form the essential feeding cells needed for
noutishment (Thomas and Cottage, 2006).
Furthermore, it was reported that some trans-
genic Arabidopsis lines were more resistant
to M. incognita than others and that the most
resistant lines did not contain the most copies
of the T-DNA inserlion region containing
the GNA-expression cassette (Ripoll et al.,
2003). A similar phenomenon was reported
when gafp-J-cxpressing plum lines were
challenged with M. incognita {i.e., trans-
formed lines 4) and 41, but not line 5D)
(Nagel et al., 2008). In contrast, transgenic
plum lines 4} (one gafp-7 gene copy) and 41
(two ga/p-1 genc copics) supported greater
M. xengplax populations than line 5D (four
gafp-I gene copies) when compared on a
pet gram .of dry root basis. It appears that
increased copy number or transcript expres-
sion levels may be correlated with suppres-
sion of M. xenoplax populations, but not M.
incognita.

All plum lines tested in this study were
rated as susceptible hosts (Rf 1 or greater) to
M. xenoplax (Table 1). Differences bétween
the combined plum lines and Nemaguard and
among the individual plum lines were vari-
able. In previous greenhouse trials, there
have been no reports to date of a Prunus
selection that supported little or no popula-
tion increase by M. xenoplax (i.e., Rf=0to
1.0); this includes Guardian® peach reotstock
and a number of plum cultivars such as
‘Myrobalan® plum (Nyczepir et al., 1996;
Secshadri, 1964; Westcott et al., 1994). The
results reported here substantiate that plum is
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a host to M. xenoplax. Howcver, differences
among transgenic lines are present in the
current study with the number of M. xenoplax
per gram of dry reot being lowest with
transgenic line 5D.

Host susceptibility of line 5D to root-knot
nematode versus M. xenoplax is intriguing,
because similar host reactions have been re-
ported for some commercial peach rootstocks.
For example, Lovell (root-knot nematode-
susceptible, M. xemoplax-susceptible) is
known to survive longer on PTSL sites than
Nemaguard (root-knot nematode-resistant,
M. xenoplax-susceptible). Although the trans-
genic line 5D was determined to be a suscep-
tible host to M. xenoplax based on Rf 1 or
greater, additional field testing of this linc
in an orchard having a history of PTSL and
(or} infested with Armillaria root rot (A.
tabescens) would be of interest to determine
if tree survival is prolonged or otherwise
altered.
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